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INTRCOUCTORY SUMMARY

Tho prosent trienonthly report corers three of the methods
vor premovel of COQ fron alr which are under investigation by
Project NbO=ori 158, ‘Mhese weihods are$ tho removal of A
by reaction with a regenorative type ss1lid; the freegir outb
of Co2 Wy lowering the air temperature, this temperatuxe
lowering boing accomplished by compressing the wir, cooling
“he air beck Yo approximatoly room temperatwre and expanding
back to one atmosphere pressure, aud the absorption of co,
in regenorative solvents at below room tomperaturc.

The information avallable ocn the vesensrative type solid
indleatos thet silver oxide 1s the hest auch materlal to he
usede Thooretlical mechanlism equetiong hove boon derived for
two modes of onoratlion of the absorption sten of a rogenerative
Cozmremoval process using silver oxlde az tho absorbentg Theso
qquat*cns lore been solved f'or the case of 002 abaorn sion a% o
rato of 7.5 1b/hr from eir of 21% CO, contens, by volume, and
whe results ere preseated in greaphlcal form.

Experiments have been carriled out on a small.scale fixed~loed
abzorption unlt in order %to evaluats the constants of the derived
nechanism equationsz. Such experiméntal runs have Indlcatod the
repeatabilliy of ebasorption = desorption cyc”e, 1060 = absorption
at room tomperature from alr of 1% 002 conteut and desorption
by decompoaltion of the carborate at 195°co end 5 mm. Hge ~Twriien
work will support the conclusﬁcn of feasibility indicated by these
preliminary exporiments and will result finally in a cemplets
process design for an oporating unit.

The freeze out method feasibility study kas beon completad.:
“his procesg doos not lend itself readlly to eimple roseerch
technigues and construction of s unlt, oven in a gmull sine wongs
outsids the prasent scopo of the projezt. This process doea
hove possibilities and investigation shorld continuo furiher
with the conrtructicn of a test unit to Cetsrmine vhet diffizuicles,
if any, might v encountored in malkeing the procsss worke
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The low torporature sbasorpilon method requires the detyrnie
natcion and interpreobtation of data on the sclubliity of €O, in
solvents 2t various temperabtures. The latest data and intorprc.
tation aro presented in this meport. More such deta and data on
rate of absorption and heat axcﬁange studies, slsc in progress,

will be presented at a later date.

Other studies in progress are.
Abgorption of COé in sea water ~

Absorption of 002 on charcoal

Abgorption of 002 on solid NaOH

Freezing out orvcoa with outside mechsnical rsfrigeration
Froezing out of CO, with liquid oxygen

Those problems will be covered in later reports.

(£ s %P AT S ) NP v 4T



SECTION I

002 ABSORPTION WITH AgaO




INTRODUCTION

‘me of the most promising regenerative chemical metnocds Zor
ranoral of CO2 fron air is by reaction with silver oxids to fomn
silvor carbonate, which can latsr be regenerated to tho original
sllvor oxido. This method, nlongz with many others, was listed in
the complete survey 6f.002yremoval methods prescr 2d in a recent
report of Project NR 266-001, dated March 31, 1952, The same
general reaction will occur with many metal oxides, but sllver
oxido seems to offer the best possibility of easy reversibllity,
thus making possible a regensrative process for 002 removal.

During the past thres months, considerable effort has beoon
expended on a study of the possibilities of the silver oxide-
silver carbonate system as a Coznremoval process. Theoretical
methematical oxpressions have beeon developed which represent tha
CO2 addition step for two different modes of operation. In addl.
tion, several zmallwscale runs have been made to indicate the
apraslicabllity of the theoretical sxpressions to the actual sys-
tem and to determine the rate of 602 renoval in such a system,
This report will outlins the results of the work to date and
Indicate the direction to be taken by future studies.
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. | | THERMODYNAMIC DATA

: Addition of CO, to silver oxide, or to any other metal oxide,
will occur only when the partial pressure of the 002 in contact
with the solid is greater than the equilibrium value determined

, 4. L £]
F 4 Pgo, * XL

oq

‘ . | A OGf
m!‘.o ln K‘q LT
(In these expressions, Koq is the eguilibrium constant for
the reaction, A Go 1s the standard free energy change of the reac-

tion at temperature T°K, and R is the mus constant.)

Similarly, decomposition of the metal carbonate will take
place only when the partial pressure of the 602 in contact with
solid is less than the above equilibrium value.

f . The reaction for the proposed silvwer oxide process is as
follcwa? :

Agg0 + 00, =5 Ag,004

Basle data for the various components are taiulated in
Table I. In addition, heat capacity data are plotted on Figure 1s
vhere necessary, extrapolations have been made.

Values forxeq at various values of temperature have been

calculated from the basic data presented, making use of the fol-
lowing relationships} '

A Ep w Ep (Ag,C0,) - E'p (Ag50) - 'Ep (co,)

T
A (AH )-Ai! ar
291

A (68°) =pal ar
usneat, S an

[ . ©
@ IR A H% w48y




5‘13.

' .llegults of thesa caloculations are plotted on Figure 2, as
log)g Koq V8e 1/T(°K). In additon, since eq. pCOZ - llxeq’

values of the equilibrium pcoa have'been caloulated and are plotted

on Figure 3 vs. 1/T(°K). This latter plot will be of use in
predicting the pressure-temperature combinations at which decom.
position of the carbonate should take place.
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TABLE I

BASIC THERMODYNAMIC DATA

System: Ag,0 + CO, ~ Agacc3

_Temperature

(°K)

SRS

10
25
50
100

150

" 200
29801
350
400
450
500

(°F)
442
=415
=370
~-280
«100
~100
7
170
260
350
Mo

(2E (cal/gm mol = °K)

1
ca, )

9.17
1 9.53
9.86

10.19

10 .ha

8°298,14g (081/&m mol, K)
8 Hy aop.qex(koal/gnmol)  -94.03(3) .98 L120.503)

) |
Hougen and Watson - Chemical Process Prinsiples, Vol. I, p. 21k

ag,0!?) 4g,C04 %)

1.08 00449

5.26 3.90

8.kl 10.22

10.75 16.95

12.47 20.79

13.93 23.20

15.75 26.83
S M0 Y
51.1(3) 29.1‘2’ ho‘o(a)

(2)g, x. Kelley - Bu. Mines Bull. 43l (191)
3)Lange - Handbook of Chemistry
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PHOPO3ED JNI®

Auovning that altermate ebsorpiion of 002 anu &reomposition
of zovbonate acen take place over many cycles with littlo decronse
in ihw activity of the sllver oxide for further 002 adbsosption,
hele are soveral posslble mochenlcel avrangementas which might

be asrployed Tor a fullesecale vnit, A finel choics of tho beuw
method te veo would be dilfficuvlt to make at this time. Insteuns.
chres dllferent processes will be proncsed and thelr advantagons
ani Iisadvariuages polnted outc fThen, a% the completion of exmcr.

PR

imsroan work now in progress,; a complote design will be presented.

based on the west promising system o operatione

The lnvestligation to date has shown the following modes of
oparsvion to be possible:

L) Employ two identical packed beds of silver oxida. Use
one for 302 absorptlion while the other is being regencrated wundaw
heat and vacuun.

Advantagss - Opcraticn can be made completely eutounatle}
7o nandiing of solid reguived-

Pizadvantages . Entire bed nust be alternately hesatled end
cooled to effect vagereration; complex automatic controly re-
quired; ebsorption and regeneration steps must remain in balance.

Y Ters - ‘
2 Jg3 only one nacked bed of silver oxide; and add Fresh

fnd remove gpent solid continuously, countercuvvent to the 783
flovve Ragornsrate the soent solid at a separate location o ony
conienient timeo

Advantapes -~ No balance of abzorntion and regenerstlon step3
Pequired) less heat loade

Zisadvantage - Complox sol ' y

~e3advantage - Complex golids handling procedure wiil be
useo9sary,

AR o "y 7 gy am N L TS SO SO .,

<1 A eomaination of e {irgt twol 1.e., use only ore paci:ia
PELS YR add and ramcvs soiid on regular intervals, manualiv,

b

I vy 4o oo $ s . R P
Advemtarag .. Simpils #oLidy nandling: less complex conitiroly

roquirada




Qigadvantaze « Raquires serviccs of an operator, of lesal
per. ¢lme.

A simplified sketeh of onch of these modes of operation can
be found on the nex’ page, Fipure k..

—~ -~ ~
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MATHEMATICAL DISVELOPMENTS

The thrsa possible modes of operation suggested in the pro-
vicus gection sre in reallty only two independent met:iods, siaosz
(3) is & cowbination of (1) and (2). A theoretical methematical
expxession has been developed for the absorption step of eack of
the independant modes.

I « ¥ixed solid bed ~ 3teady flow of gas with ccnstent

irlet composition.
ITI « Hoving solld bed of constent inlet composition - with

comtercurrent liow of constant inlet composition gas. i

In the Jerivatlon of those exvressions it has been necessary
To maks several simplifying assumptions. Such assumptions wils.
be polnted out ag they are encountered during the devslopments.
None of these sssumptions 1s a major one, and nons afiecks the
genaral aoplicebility of the final solution.

Cagse T « Fiyoed Solid Bed - Steady Gas Flow

For the reaction: bg 0 + €2, == Agaco3
Gongider & packed bec, as follows)
[
: —f bt
{
G *-w~>l
(—

e

Por a unit eross seetion (002 balance) s

fvtvecedlan ats P azas (1)
{(ivpui) (output) (accumulation

on solid)
whers . @ = 4b moles total alr/pPt2.hy

¥ = ndles fraction 002 in totel air

t = time, hours

2 = distanes down bed frou inlet; feot

X = concentretion of Ags0. ib moles/f?;3 of resator




d Pee

(Moot Lage ol 2.32 CUssvvaie w4 wié Ued VOiGB8e inid s UR Yoy
(heotint s

a flow process where bed volume is negligible comparsd with vol.
ume of fluid passed through.)

It will be sssumed that?

A Pco, %ag,0 = ¥p Ag,00,

‘-kAnyx-kD(xo-x)
vheres CAQ o = concentration of Ag,0, 1b moles/rtBOr reactor
2

c 0. * concentration of Ag;C04, 1b mo.'l.es/ft3 of reactor

A820'3
ky = desorption rate constanty he~ -1

And, rurthez' it will be assumed that absorption is taking place
under conditions where the reverse reaction is negligible.

Therefore s ok, nyx. . 3—% (3)
where!. . Kk = absorption rate constant, atm™! « hp-l

* = agbsorption pressure, atmospheres
r, = absorption rate, 1b moles (!Oa/hr--ri:3 reactor

From (1) %—:— n @ g-.%

So we haves 3—1any
z
(L)
gx
t-ny
vhere! ky m
B."‘%"- D-nkAﬂ

At this point, a change of variable 1s to be introduced:
*+ ¢ 60 F
Define. SV il

= AZ; 60F = 359 Ga

@ gas feed rate, std CFM
= reactor volume, ,t‘t3
% Ccross section area of bed, fta

o< g o

o ¢ 6 F .
Therofore -%—- - ﬁg—q ors g = 359 (I/SV)




=13

Z .
Sel B2 = ’f.é.;.‘-— = - 359 k, @ (1/8y) = B (1/8y)

and therefores

=. Bt xy
v
(4a)
g—’é s Dzy
~ where¢ B' = = 359 kK, v 3 (o, t) =y,
D S w kA n : X (l/SV3 0) = xo
/Sy = goF
The solution for this pair of simultaneous partial differential
equations is% ‘(see ppe2l ffe for details)
4 1 .
x, IT+j®o1
o ’ (5)
I Jh
yo - * IE h 'L)
vhere: j = ol
h = oM
' '
M =B x, (I/S%v_) = «359 Iy x, (1/8y)
N

=Dy, t=k "y, T

Graphical presentations of this general solution ers included on
the followirz pages$

sr/'yo vs ¥ o* various velues of M =~ Figuve &
¥/¥, vs <M at various velues of N - Pigure 6
-M v N at verious values of y/y, ~ Figure 7

It should be‘po:lnted out that there iz an interesting ralae
ticnship hatwsen %— and -2--. For & given value of M and N, taere
is a definite vaiug for y?yo, as showm on,.Figuf-é S. For cxemple,
et M = ~2.0 and N = 3.0, §/y, = 0.76. The velue of x/x, ut these
same values of M and N em also be obtained frem this senc Fig~-
uro 53 by determining the value of y,"yo et M= N and N = .M
(ic0ee 8% M = «3.0 and N = 2.0), which sives x/xy = 0.273. Thewce
Tore, ths mrtoohs suppliac oz _v/yo vailuss 1y eilgo De wsad Tox
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. :c/.v:n values, providing M ard N a-e redefined properly. .hls can
" be proved as followsd
x -a-n-wo;u' LA 1O = N
=TT M“l R at M., Ny
° 1+e% - 1)

N
eMyey

x_ =.nu..i_Tﬁ._.TT n—r at Mg, Ny

1+0 (e =1)
Lete 'My o .an
N o= =M

Y X
m’Nx “Mx l l
Therefore: - e <) I -
%‘— - ;N— -M @ ‘fﬁx L < “’Hx- b4 b
© 3 4.0 %X *.1) 1+e e -8 e *oe
at ‘Nx-"‘ u.Mx
md; Lﬂ = -QN—-W 1 u = M——‘l—'n d = ?é‘- B.b hix;; Nx
® ex-z-luex 1+e%e*1) °

At this stage of the investigation, sufficient experiment‘al
work nns been done o gilve a good idee of the rate of the absorp-
tiorn step of the process. Thls work and the results therefran
will be summarized in a later section. Here it 1s sufficient to
stats that the wvaluc of kA i2 the previous relation has bsen
deternined to be of the order of 800 atm™ -hr~l, With this re-
sult, Lt 1z of conslderable interest to solve the general rela-
tionship for the speclal case cf CO, absorption from air at 1.0%
CO2 by volums. For this purpose, it will be assumed that the
reaction will be carried out in such a manner that y/y, at the
reactor outlet will be approximately zero during the absorption
step. As ‘soon as y/yo = 0.,0l, the reactors w 11 be switched and
freshly repenerated silver oxide will take over the 002 removal
Job. Alr feecd rate will be set at 110 std CFM, carrying 8.1
1b/ar of CO, through the unit. This will be essentislly ail
removed during most of the cyele, so approximately four minutes

‘ out of every hour can bo empioyed in switching and still operato

with 7.5 1b/hr over-all 002 removale

—




Ir. general’

For this particular cases

outlet
Therafores
or.
at y/yc = 0,01
Thersefore.
or. I3.52

and, finsllys

L

end.-

Curves represanting these two equations have been ploitt:zd
end are included as Figures 8 and 9. With these curves it ig
pessible to read off the reactor volume required feor operation
at a definits swit:zhing interval, or the swictching interval
required vhen overating with 2 particular silver oxide initisl
concentration. It can be gseen that the reactor volumes required
and the szwiishing interval indicaved will be within reason, cven
8t vory low valuscg of inisial silver oxide concentration., Fur.
ther azperimental work will substanticts these preliminsry ¢ .
celusions end mele peassible the 2inal design of an operating mnit.

-

-
xo v

A

t

H3

~

i

i

it

<359 ky woxg (1/5¢)
kA L t
v/60 7
850 stm™tohr™t
1.0 atm
0.01 mole/mole
1.0 std OFM
0,03, at switch time
(~359) (800) (1.0} (1/60) (1/210) =, ¥
(800) (1.0)(0.01) %
-13.52 x, V
8 ¢t
Jy.6 when N=0 (From #igure 7)
L6 + N
.6 + 858
01057 , 0.1838
.'&o xo

St x  V - 0.575
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‘ Sage T. Flxed Sol.ic Yed, Solubtlon

i)

3—-‘; “« DXy

% (1/83,0)= =, ()
5 (0’ t) - y{) ’ '

Puti Usy X = 1/3y a =B

Veax ‘ Y = g b=D

g—-}%' 2 a UV
, ()
H s b UV

V (X, 0) =V, .
{bha)

o : | U0, -1,

Solve (4b) for U V and equate’

18- 1 4
or. Q’;ayvz ﬂ_ga_(;__ql

& aVaX+bvUayis an exact differential
and. f (X, ¥) exists such thst.
1

Tef §% vel 44 @;

8—%{ 5 i’?‘ii’“’"”"“"ﬁg“i‘ $4%
- B H

T §E- 3’2?3?/3—

R JEE O

i d£.1 %{}nﬁ(mmw-&% (n 4§

-

ey
it
-




\ LY
Intsirntes f = 1n g_}% + @(X. j
43 - B0

Fron (ba) and (8)4 ) ¢
an%aav &% (%, 0 =8V,

f=aVX+1Ine £ (X; 0)=aV,X+1n0
Therefores ‘ a Vo s gt Vo X+1n G« @(X)_/
lnaV°=9V°x+lnCw {x)
. c i
Therefores Qex) = 1 T e v, X (11)
a V -
e0s g-{r = "-'5-3 e{ ~ 8V, X/ (12)

Ordinary De.E. cowvrcoponding to (12) ise

d I - R .
S-g o (13)

—e” "'"E’}L' o = constant (1)

Or general solution of (12) is?

-a V X :
~F 1 a o _ .
Wt & e ({)(Y) (i.5)
From (6a) and (3)%
%—%nbl -3-‘\% (0, ¥) = b V,
f=DbDUY «+ XK f(OﬂY)waOYn‘-K
. b U Y . k
‘e ‘:e ° o % 1 4 \P (Y) (1-6)
From (8) and {12): eV, [F~aV, X/
BV @ g o=
v fE -V, X
C T a @
° N
v
lnGVmaf-»aVoX

(o]




|

S fowin cl“;f-a-a.v X
o (o]

Pet (17) and (i6) into (15)¢

\') -g V_ X -a V_ X

-k R e Tl o 0Tl gk

ard applys V (X, 0) = V,
3 -8 .1 -k
- 3 <% o “g-e
cooeka %‘

and} .

«»a V_X \'J ) wb Y

e © [ 1- v—'%] slwe ©
Differentiate (18) with resapact to Y

-b U Y

an X \
e ° ‘-,E VabU e °
g? o

0 .

v «-2a V. X U

Therafore. u a vo X ~b0U o Y
U-— (Y] Vv e Q
o V.
o
v eV x [ wbu ¥
[-Vg' - 1.] ® 9 ° le -1
, aV X
Put. e 9 w3
«b Uo Y
e = h
Thene Vo
v- L 1 > J (11 b4 l)
) V. - 1
or . vo 1+ 5 (- 1y
and?

o

emb U, ¥

(L7)

(13)

(19)

(20)
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Replacing original variabless

' 1
ig-gl-t-j-(hn‘ﬂ.

- Jh
ol o B o)
wheres ‘j - ol
h =e
M =B x, (1/8y) = =359k, v _ (1/8y)

N =Dy, ¢ =k, Ty, b

Cagae 1J « Countercurrent Gas and Solid Flow

. For the reaction, Ag,0 + CO, o Ag,C0,
F' ‘ F' ' Mo X
| —v—o o
o L____,l ALY | /
v |
X.(;\[ l I Xo
) S Xy — Ne
. V —
F o 60 F

-~ gas rate (over-all), 1lb moles/hr = 355

301lid rate (overesll), £4°/mr

94 w
I ¢

moles CO,/mole total gas

= noies of Ag20/i‘i:3 of soiild
. V = yvolume of reactor, £t

At steady states F' (y, - y,) = 8 (x, - xp) = R
R « rerioval rate {1b mol/hr) '

%‘




mZSm

. ors “Fa y=8dx (in general)

By metorial balance on small section above (4 V)$

FlyaF (y'+HdV)-S(x+%—§7‘dV) w8 x

« moles CO, transferred/ hr-ft> of reacior

or? «-I"" g-—{; = 3 %—% ' ,

Alsc, 1t will be assuied that?

noles 002 tranzst‘er:c'ed./hr--ft:3 =T, = kA "y x
(as before) |

., t 4.
Therefore. wl %—% & kA Ty X

@ k, n
(o) S %w : av

<o

¢ ' P
Kow, veplace F by é‘ﬁ";@' s its equivalent, and since g-‘; = 55F

‘2,53? a4V =359 d (1/8y)

*l.!

- Therefores %x = =359 k, md (l/Sv)
At eny volume Vi F' (Fo = ¥) =8 (x « Xp)
Therefores X = Xp ¥ F-é'- (Vo - ¥)
..."LL .
y Gy + 4 (3, - T = =359 ky W d (1/Sy)
» §Tfy - —4.3 = =359 k, « /'L/Sgu/“ -
P PA AU 0
So conslders /7 —7%—L—)- /y_d"l'?
nslders AFT < A_ ~:
/‘yo y y ;yo v =7

m-2y4A+ leny-»

. yo yo

14

|




v

cremagry

g (7, = &) ¥ (=S/50 x.)
1 :m 1. 1 P _f
‘h: yO \y - A) S/w. Xf * ZY", yo—(y g yo “ g/F” x.?)

) w2y © =y, S' g
phere. A = = Xo * ¥

F
8/ v (8/p% x,)
P ‘P - F f - .
a.nd theno g/ﬁ\' Rf - yo ln yo (g7F +‘yo y) ] 359 B:A" (1/8"
from Pirgt meterial balances xo & X gg.
. S/F’ ' 3 S/p' (x, - R/S)
Thereforee m7erx, SRAT T T, In g [z, < BR/S) 8/pt vy, - X/
S/F' : . (S/F' x = R/Fs)
T R, y°> = Hr'f o {8/ x, ¢ 3g) = B/pT ¥ )
o Lo q . Vo {flaz, +35) - 7 -3}
° & BWkAn(q_xowo) T Ty (azx, - D)
q=S/Fi T°§T=Yo~7ﬁ
Rearranging® '
- T/x
“359 Iy v {1/5) = —-‘%—n . 5 /9-;— -
o = o
'_ q xo yo [‘(q + oxo g" ,;LO:J

Substilate: M = =359 k, ¥ x, {I/SV)
T = yo o Y

(q 2o 9) ¥/%.) %
o — 'y/ﬂﬁ.
S0 M w. y (4 X, ) . o T [la + /%, o

oo M q"'""g"f"'.,.yxo in . 5 q.o —47—q+yxo 1n T,

':'{'9‘ ' Z..
- 1n
a32 + /%, f.e
X

Lets P o ges .

S qyo

¥/3, [P -1) + y/5. 7 (Finel
P

Then? M = 2,303 F"”‘-ﬂ'" log . sohtion)

wheres M e 2359 k, w X, (1/8y)
-~ Puax/y,
qn S/Fi

ende

i graphical presentation of this solutior can be found in Fizure 10 next
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Ag in Caaé I, it will be of interest to solve ths gensral
relationanip of Case II for the special situation of 002 absorpilon
from air at 1% 602 by volume. As yot no experiments nave been run
using countercurrent gas and golild flow., However, the value of
k, (800 atm™t.nr~l) determined from fixed-bed experiments will be
sssumed to hold in countercurrent operation as well. A gas flow
of 110 std. CFM will be assumed, to allow comparison with Case I.
For such e gas flow, & removal rate of 7.5 1lb/hr will result if
¥/y, at the reactor outlet is kept at 0.072. ‘

In general: M = =359 k, T X, (1/Sv)
P = aqx/y,
1/8y = vV/60 F

a oy S/Fl
For this ol -1
particular Lk, = 800 atm ~-hr
cases

L s 1.0 atn
Y, = 0.01 mole/mole

F = 110 std CFM
outlet y/y, = 0.072
Therefores M » (=359)(800)(1.0)(1/60)(1/110) x_ V
P (359) (1/00) (1/210) (1/0.01) 8 x_
~l43.52 x V P= 358 x,

ors M

Values of X, have been assumed and corresponding valuzg of M
and P determined from Figure 10 at y/&o = 0.072. Then values for
V and S are calculated. Rosults of these calculations are plotted
on the next page, Flgure 11, From this set of curves, it is pcs-
slble to determine the reactor volume required for operaticn with
e particular sclid feed rate and initial solld concentretion. It
can be seen that the sclid feed rate willl need to ve fairly high,
ennecially if Xy the inlet solid conconitretion 1s low. FFurther
arperimental work on thils particular mode of operaiion w.ll help
to substantiate these preliminary concluslons.
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Al

EXPFRIMENTAL

In order to determine the feasibility of using the silver
oxido-carbon dioxide reaction as the basis of a regenerative 002~

-
7

removal process, it has been necessary to perform a series of small..

sceie experiments. These preliminary tests have been deslgned to
provide snswers to several important questions.

(1) Is the reaction reversible, and can it be repeated
several times using the same sample of silver oxide?

(2) What are the variables affecting the rate of the absowrp..
tion shep?

(3) That physical form of silver oxide 1s best for €Oy removel
pure, or devosited on an 1inert carrier?

(L) Whet are the variables affecting the rate of the desorp.
tlion step?

At the present writing, questions (1) and (2) have been fairlyr
well answered, but further work will be necessary to determine
answers for questions (3) and (l) satisfactorily. Experimental
work is contlauing and should result in satisfactory answers and
a final process design in the near future.

Experiments with silver oxide have all been carried out in
an apraratus similar to that sketched in Figure 12. This is a
small-gscale unit, one which provides considerable information in
a velatively short time, and the data obtained should be applice
able to the operation of a larger unit as well. The unit was
oporated with a fixed solild bed and an inlet gas of constant come
position, which is identiecal with the operating conditions speci-
fi0d 1In CGsse I under Mathematical Development, Therefore, it :s
likasly that the oxperimental results will fit the mechaniam suge
geated ir. thig deveiopmeni. Case IT is more difficult to obtaln
in practice, and ag Yet no exveriments have been run under this
prazedire. '

An airwcoa mixture of known and constant composition ig
roquistd for sho inlet 388 stream, Suen a mixtvrs 1s ontaln:d [
puaping 002 and air (in the desired pressure ratio) into the 11.x..

L 2]




SINIWI3AIXI OOy VO LIINS MO

»3enal SANYL 3015
DNNEQ awW onixIwW 0D
IN0VIANNY
‘A Ow . ﬁ
VAIWILY :
t anwa :
332N . i
AN3A
21 33094




«33a

continued until the silver oxide 1s essentially saturated with
002, as indicated by a constant GO2 output rate. Then the basket
containing the silver oxide is welghed and placed in the oven,
where 1t 1s held overnight at 125°C and « 5 mm Hg, to decompose
the carbonate and reform the active silver oxide.

Date from fourteen runs made to date, usi.g three dl~ferent
gamples of Agzo, are summarized in Table II. In addition, typical
plots of the total 002 sbsorbed as a funetion of time are included
in Figures 13 through 17, for all of the runs using Agao sample A,
Similar plots have been made for the runs employing the other Agao
semples, but they are not included here.) It can easily be scean
that the repeatability of the reaction is only fair. In general,
it seems that the first run with any particular sanple shows very
good 002 removal. Subsequent runs show considerably less removal,
but with much less of a trend toward lower values after the second
run in any set. It is lilkely that this high capacity for the first
run is due to adsorbed NaOH not completely washed off. Therefore,
the true capacity is that exhibited by later runs, which scems to
be falling off only slightly with use.

Reference to the experimentally determined co2 absorption
data indicates that in all cases the run seems to have been made
up of two distinet periods. In the early stares 002 is being
absorbed at a relatively high and varying rate. Later in the run
& considerably lower magnitude constant rate period 1s reached.
Such a2 result would be expected 1f the absorption were taking place
by two simultaneous processes: (1) Reaction of the CO, with sur-

2
face layers of Agzo,-according to the mechanism of Case I, and

(2) Reaction of additional CO, with internal layers of Ag,0,
limited by diffusion. To determine the portion of the 002 absorp.
tion attributable to the mechanism of Case I, it seems a logical
anproximation merely to subtract the constant rate contribution,
as determined graphically from the data. Lhen this is done, the
curves labelled "modified data" are obtained. It will be agsumed
that these curves represent fairly well the 002 absorption due to

reaction with the avallable surface layers o Agao, by the mechan-
ism of Case I, ’

Further calculationg have been mede on the data of series A,
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ugine ho modified data as explained above, to glve af :2iive
values of CO, inlet rates. Xnowing the 002 outles rabon, from
welghings of the ascarite tubes, it is possible to caleoulate
values of (y/&o)avg« for sach sample interval. This has been
dono for all of the runs, and the results are summarized 1n
Teble IIX. The relatlonship used is as follows:

S = _ L
( Vo) avg. &0 €0, 1n
g CU, out T ~7) *+ 7,




TABLE III

CALOULATED VALUES OF (¥/¥,) gog

Values

Outlet (v/. FC‘)"Q.VEo.\

A2 A3 Ad ¥
0.307 0.317 0.322 C.281
0.39l 0.389 0.416 0.372
0,585 0.527 0.660 6.650
0.845 0.647 0.885 0.506
0,927 0.869 0.962 0.981
0,662 0.963 0.965 ?
0,977 0.963 00973 0.998
0.¢81 ? 0.986 0.9%6

? 0.990 0.993 0,990
0.99¢ - 0.978 o
0,907 — 0.995 2
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At, this point 1t seems logicel to check the appllcabllity
of the mechanism proposed in tho section on Mathematical Devel..
opment. Caleulations havs resulted in values of (y/y,) evg. ot the
reactor outlet ns 4 function of tirme, with all other variables

held us consbant as possibls.
o M = constant = e s A
That & b l_ Ky o 3‘0’] 5
N constant x & S hw= (a aje = B
K4

e

Definasd :9r/:)ro .
| A BY
Tnoreforet ¥ =9 . A(Bt - 1)

Y -a=a8"@g.m

z _ A G
“l-uAB

“r

log =Sy = log ’I 5 + t log B
: t
Definos ¥ = ge  A'sloggdey  B' = 10gB

b ? ]
Therefores ilog ¥ = A + B ¢

/7,
Vhen the functlon log T 75—- is plotted versus 4, a
o

straighi line will result if the sxperimental data follow the
equatlicensg of the proposed mechaniame. 1In addition, the sliope and
intercant of this “ine can be used to calculate the values of x,
and k, fer ithe particula» ram. This function has been calcu“ated
and plotted Tor each of the rung ue ing Ag 0 sample A, A typical
plod; for Run 4.2, is included here, as Figure 18 From tris
plut it caa be seon that a atraight line does result, for the date
of the first ten minutes or so. Aftor this time, the slope fills
1 zcneidorably, probably hocaude of errors in caleulation viiien
values of y/vo begin to approach 1.0. For a first approximation
of he constanis of the mechanism eqation, the straight line
porwion of the early part of the »un has been congldercd as sspre-.
sentative and “he best stra; 2ht iicve fitted to the aveilable t.ive
date peinis. This procedure nag also been followed on the otrew
rung of serles A. Resulés are tebulated in Table IV, where
avarage values of le:A end X, uro elso shown. Similar ealculations



-.-aLLB w

‘ ar: in progress for “he runs of series B and Dgo Regults of
thzse ecalculatlions and of additionzl experimentdl runs will e
proaented In the next reporte.
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CONCLUSIONS

Sufficient expcrimentation has been carried out ocn the sil.
ver oxide process to allow several comnelusions to be drawne.
First, the process seoms to be feasible for use as a regenerative
system of coz-removala since several successive sbsorption-desorp=
tion cycles can be carried out on one sample with only a smell
decrease in capacity. A longer series of cycles will bs neces.-
gary to support this conclusion definitely, however. Second, the
most important variable in the absorption step seems to be the
initial concentration of oxide available on the surface of the
solid, If this quentity can bs increased, the size of equipment
required for the process can be materially decreased. It should
be noted that it is the concentration of oxide ayailable on the
80lid surface which is important. Therefore, there will probably
be little to be gained by the use of pure silver oxide, since the
quantity of oxide on the surface will not be materially differont
from that avallable on an alumina-supported sample of similar
size, Future runs with pure Agao will be necessary to prove this
definitely, however.

The mechanism equations derived and presented in this report
will be of considerable value in indicating the relative effects
of the variables involved in the absorption step. In combinstion
with asimilar equations for the desorption step, they will permit
calculation of equipment sizes, feed rates, etc., 80 that the
optimum process design will result. Such a complete design will

form a major part of the write-up on the silver oxide process for
the next report.
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SECTION IIX
LOW TEMPERATURE ABSORPTION, 002 SOLUBILITY
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INTRODUCTION

The search for suitable absorbents for use in the low tem-
peraturé regenerative system of CO2 removal is continuing. Pra-
vious data in this vhase have been presented in earlier reporis.
Samples reprosenting several classes of compounds are being eval~
uated as possible shsorbents. At vresent, the most promising
class of compounds is the esters. Consequently, more attention
i1s being focused on compounds of this general c¢lassification.
Also, this class of compounds will be evaluated to determine what
trends may exlist within the class.

Much additiondl. work must be done before any one compound
can be selected as tua Yest sbworbent for the low temperature

process.
Experinental Procedure

The method for determining 002 solubllity presently being
used is the "open" method as described in the tri.monthly report
of this prcject for the périod Jmuary 1 to March 31, 1952. Tais
method consists of bubbling the co2 through the solvent.

It has been necessary to modify the analytical procedure due
to the fact that esteras hydrolyze. The earlier procedurs involved
a vclumetric snalysis in which & known weight of sample was treated
with & known excess ~f Ba(OH)a. The dbarium hydroxide then rescted
with the carbor dioxidr. %» form barium carbonate. The excess of
berium hydroxide was then Gutermined by titrating with standard
acid. Thus the amount of carbon dioxide in the solution was
d«termined. Hovever, if this pru.edure is epplied to the esters,
the esters will hydrolyze and produce an acid, which will then
react with the barium hydroxide and in the caloulations will appsar
as carbon dloxide, thus producing erroneous values for 00a solu.
bility.

The procedure now used is to treat the sampls with an excess
of Ba(0H),. This reacts as before to produce barium carbosate,
which precipitates. This precipitatg is then filtered, washed ,
dried, and weighed to determine the amount of carbon dioxide which
was prosent in the sample. The esters still hydrolyze to produce
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an ccid vhich also reacts with the barium hydroxide. Hcwever,
as long as the barium salt produced 1s soluble, it does not appeax
in the welght of procipitate and hence causes no errors.

The samples tested and the results obtained appear in Table V.
This table lists theo moleocular weight of easch solvent. The sec-»
ond and third columns list the temperature and pressure Ior sach
sampls. The fourth colum lists the mole frastion of 002 8Xp0: ie
mentally determined as present in the sample. The caloulated
value of ¢ is reported in the fifth colum. This value of J is
calculated from the equation Y = y p/x P, where

= activity coefficiont of co2 in solution

= mole fraction of 002 in ges phase

= mol fraction of (}02 in 1liquid phase

= total pressure of aas

= vVapor pressure of pure 002 at temperature of solution

The 18: + column of the table reports the mole fraction of
002 vihiicu would exist in solution at a total gas pressure of
760 ma Eg and at the given temperature, assuming the calculated
velue of Yy to apply.

This table extends the results previously reported in the
tri-monthly report of this project (Jam. 1 = March 31, 1932).
In the case of tributyl phosphate s these data correct the pre-
vious results for a better interpretation of the blank then being
applieds Also it may be noticed that, in view of the presont
_work, two values for toluene previously reported have beer omitted
as unreliables The values for octyl acetate reported here Jdiffer
widely from those nreviously reportede The earlier values were
obteined by another experimental method which apnears less reli.
eble than the method now being used; and the present values arc
' belisved to be more accurate.

WY o q g

3



CONCLUS TON3

. The survey of abgorvents f'or uss in the low temperaiure
abzorpiion system is not complete) but the cless of componnds
knows a8 esters show Ehe mogi promise., Consequeatly. moere ahitvne
tion i being placed in compounds of this clasa.

The rasultg show that ) Lncreases as tempeveivr? dseroisns
for all compounds tested ©o dote. It was at first bollavred that
Y vwould eporoach 1,00 az temporature decreoased, dve to compsosi-
tion oi'fectass The offect of composition on y 1s cuvressod by

Margalost equation as follows!
In yq =x,° 42 (B h) %7

whnre: yi ™ activity coéfficiént of 002-1n solution
7y = mole fraction of CO, in solution
X5 = mole fraction of absorbent in solution

A on?2 B aro constants depondent upon absorbent, tenpsrature,
and pressurce

This equation sctates that as xl Increases ond Xz decreassi,,
the value of ¥ shouvld approach 1.00 as a 1imits Thoe prosent
reaultes, theroforo, show that the'temperature effoct on A and 1
is quite large and overcomes tho effoct of composition chango.

Tho wasult is that the valuoes of Y for eatﬁrated solutions eliny »
incronse as the temporature Cseronsose

ze valvos of ¢ ore on indicntion of any devistion of tho
&ctuol golutions frem ided. solutionse A value of ¥ & .00
corrogconds S0 an idesl solution; and the lower the }alue of ¥
ia, the higher the cbsorption (mole fraction) of ch will béu.
The vwolecvlar weight of the solveant iz necessnyry te sovroct ob .
gorpnin Falues from mol fraction to weipht por cointe Corgenuarcly .
2 compoud pogsossing both a low molecalar weight and a 1.3 wolve
of » is desired.

”

%
ey g3 ) » Cn ey 3o
decivogens with deercaning terievrntures, since this will wredlie s o

<~ 7ould algo te desirabtio to obtzin a coripound viasme

1&*.:65'17’3’-’ change in COE‘, 8OLubiILl“r wiily “amperature. Infontunase =

.

thiis noslitive vslue of d(r'/ﬂ T doee not appesy to 2cist and -
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snall negative value will probably have to be accepted. Hencs,
the Important criteria of good solubllity are a low value of
and 2 low molecular welght; of secondary importance is the cri.
torion of u positive or small negative value of dx/d Te
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TABLE V

G0, SOLUEILITY IN CRGANIC SOLVENTS

BarOu 002 Mo:'-o 002 M°1>
Temp~ Preas. Fract. et i/ LB Fract, at
Solvent erstwrp  mmBg  Bare. 7ress. J*¥r m0mig
Decalin - 82°F  T45.8 0,00713 2,03 0,00727
We W, = 138.24 82°F 7“04 0.0%83 2,12 000%96
[:7Adh - Thhed 0.00677 2.14 1,00651
Rlxezeno ~ 42 42°F 745.8 0.006'35 2,09 0.00708
M. = 263,98 82°F VA 0.00750 1.93 0.00766
0.00:79 2.13 0.00694
«23°C 738.3 00,0145 3.78 0.0150
Dichlorowisopropy\=ether  80..°F 742.0 0.0160 0.9-0 0.0164
n.w, = 17L.01 0.0153 0,463 0.0157
77.::°F 746.8 0.0152 2402 0.0155
0.0156 0,990 0.0159
72.¢°F 7.2.8 .0.0165 0.992 0.0169
. 0.0165 0,992 0.0169 -
5G.5°F 7423 0.013% 1.03 . 0.C191
' . 0,018 2,06 0.01¢6
63.2°F 2.3 0.0183 0.995 0.0189
0.0177 1,04 0.0181
67.3°F Th4e5 0.0v71 1.02 0,0175 .
0 a(i168 10 (nv 0 00171
+l§.°c 752 oe 0' '3202 lo m 0 * OZCL
0,0200 1,01 0,0202
+0,5° T41.7 0.0256 . 1.10 0.0262
0.0256 1.09 0.0262
~10°C 745945 0.0340 1.11 0.0345
’ 0 . 03“ 10 10 0 . 0349
~12,0°C 740.7 0.0579 1.30 0.0586
('.0592 1.27 000599
“3400 ',46 '7 -)OQ:JQ{‘ 1032 00%17
«36°C 752.9 0.0556 1.32 0,0663
w1+ O°C 74545 0,09%.3 1.41 0.0931
0.0:88 1.45 £,0905
-48°C 774 0,0762 1.77 0.0775
0,0786 1.71 0.0799
Butyl-Cellosclve 80.4°> 7R.2 0.,0120 1.2¢8 0.0123
m.w, = 118,11 0.0123 1.20 0.01.26
77620? "/4695 0. 0125 1 . 21" 0 3 0127
0.C115 1.3 0.0017
72.2°F 7/2.8 0.013% . 1.25 0.0124
0.0129 1.2v 0.0132
.59.5¢% "iR.3 0.¢159 1,22 0.0153
) 0. G145 1.3% G.-0148
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Baro, CO,; Mol, C0, Yol,

Tempe Press. Fract. at e LD Frgct. at
2olvant: eraturg wm Hg Baro. Pross. d’ x_P 750 mm Hg
Fsbyl-Cezlloaslva 6342°F V42,3 0.0138 1 ¢33 0.,0143.
" (continued) 0.,0138 3.33 0,014
' 67.3°F 744,05 0.,0136 - 1.29 0.0139
0,013 T34 0.0134
'1'1400 75206 O. 0160 oo 26 0 ° 03.62
0.0152 2..33 0.01.53
+0.,5°C T4L7 0,0205 1036 0.0210
: 0,003 1.38 0.0208
""1060 7[59 ° 5 0 s 0283 l ° 3/;. 0 ¢ 0237
0,087 .31 0.0291
"320000 75007 000469 ) 1050 0.01:-75
‘ 0.0437 - Le54 0,0493
-3.°C 7.6.7 0.0495 1.61 0.C504
-'-35°G 75301 0005144 . la 54 0. 0549
0.,0537 - 1e55 0.0542
0.W99 ' 1061 000815
=/8°C T47.4 0.,0828 1,62 0.0842
0,0846 ' 1.59 0,861
Propylens glycol : 80.4OF 742.0 0,00328 50d9 0.00336
nm, WY 8 760 05 O, 00256 5e 75 Qo 00262
77« 2°F 746.8 0.,00353 4037 0.00359
. 0.,00317 4,087 0,00323
72.2°F 7.2.8 0.00338 lo8/, 0.003.6
o 0.00329 4098 C.00337
67.3°F T4hdhe5 0.00347 5 04 0.00354,
' 0.003/1 5.13 060348
63.,2°F  742.3 0,00369 4¢SS Co0I27¢C
0,00358 5014 0.00367
59.5°F T.2.3 0,00393 J,eC2 0. 0402
0.90386 5,01 C.00395
Tolusne 72, 401;‘ 7410. 7 Q. 00386 el 5 0. (}()901‘/
WeWo =3 ‘)20&6 0.00965 :"...70 00(,‘()985
0000928 oo 16 0900947
-37°C 749-1 0.0302 120 95 C.,')B%
-38' 5°C 74901 Oo 0320 Ivé /4 000320
"‘woc 74300 Os 042.6 )aJ /p ’ Gr 3'&36
0,0395 5.29 0.0004
2-3thyvihexyl chloride ngor 751.3 0,0145 Ge(6 Cotn.47
TV 0.7136 Leld3 Geiin38
26°C 751.3 0,0142 1.2 CuLL3
Oo 0138 :’. olo C‘ o )-\.40
7L°F ©TL8.2 0.0149 108 G, s,
0,015/ 1,05 C.ns6
69.5° 74LL.,9 0.0151 1 013 0. 52

0,0148 b O i5h




Baro, OOZ Mel, 50, Kol,
. Tempe= Press. Fract. at ) Traot. at
Selyvent srature e lHg  Barc. Press, xP 760 m Hg
2=Ethylhexyl acid 78°F 751.3 0,0180 0.855 . 0,0182
LeWe = 144021 . 000192 0.799 0.0195
26°C 751.3 040229 0,666 0.0231
0,0208 0,730 0,021
74°F 748.2 0.0231 0.697 0.0235
, 0,0216 0.747 0.0219
69.5°F 744.9 0.,0240 0,708 0.0245
0,0231 0.737 0.0235
Z=Ethylhexanol 78°F 751.3 0.,00847 1.82 0.0085%
MeWo = 130,23 Oow 1.60 0,009%1
26°C 751.3 0,00879 1.73 0.008%9
0,00863 1,76 0,00373
74°F 748.2 0.00838 1.92 0.00351
0.00817 1.97 0.00330
69.5°F 1449 0.00868 1.9 0.008g%
0,00889 1.91 0.00997
Ethyl Aceto Acetete =  +13°C 751.4 0.,0255 0.813 0.0257
MeWe & 130.14 000& 0.791 0.0265
+0,5°C T41.7 0,0333 0.8,1 0,0341
. 0.0325 0.862 0.0333
-' -2°C 7547 0,035 0.856 0,0358
0.0339 0.899 0.,0341
«f7°%C 748.0 0,0404 0.857 0.,0.20
=10°C 749.5 0,0440 0.857 0.0446
0.0430 0.878 0.0436
'32°0 75007 000833 OCM 0.%43
: 0,0811 0.924 0.0821
~38°% B4 0,0998 00924 0,101
0.097% 0.946 0.0990
=47.0°C 745.5 0.0964 1.34 0,0983
0.111 1.16 0.113
n-"o = 172.% 7905°F 748.9 000273 03551 000277
8l1°p 747.1 0.0232 0.645 0.0236
"14°0 752 06 0. 0303 : 0 0“7 0 ° 03%
0.030% 0.662 0.0308
~10°C 749.5 0,052 0724 0.052
"32°0 751.8 0.0939 00799 00%’09
0.0944 0,795 0.0955
«47°C 745.5 0.135 0.959 0,137
0.117 1.10 0.119
Tributyl Phosphate 85°F V47.4 0,035 0,405 0,0352
. nW. = 266,32 TS50 1465 0.0335 - 0.460 0.0341
73.2°P 748, 0.0340 0.479 0,0345

TR4°F 749.7 0,0389 00424 0.0394
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Solve

Tributyl Fhosphats
(continued)

Trietiyl Phosphate
B.Wo = 192,14

Tomp=
gxature

TL.4°F

70.7°F
69.7°F

~19°%C

~23°C
=34°C

«36°0

.38- 5°C

-/,8°0
74.6°F

80°F

73.6°F

71.8°F

+139C
~10°C
«14°C
«32°C

=34°C
«38°C

Baro., 002 Mol,
Press. Fract, at
m bz  Baro. Press,
752.1 0,0342
0.0317
746 .8 0.0336
749.1 0.0348
0.0340
734.3 0.0846
0.0842
738.3 0.0910
7467 0.125
737.5 0,126
0.127
753.0 0,127
0.120
747.0 0.143
749.1 0.139
743.0 0.199
0.191
74,8.7 0.0256
‘ : 0.0253
746.3 0.0248
746.2 0,062
0.0255
742.8 0.0274
0.,0258
0,0260
0.,0258
747.1 0.0267
0.0276
0.0268
751.4 0,0306
0.0308
T49.5 0,0589
0.0611
750.7 0.0666
0.0651
751.8 0.112
1467 0.114
14844 0,131

0.130

10, Mol
= L 'raet, &b
x2 %0 m g
- 04490 0.0346
0.528 0.0320
0500 0.0342
0.490 0.0353
0.502 0.0345
0.570 0.0876
0.572 0.0872
0.603 0.,0937
00642 0.12%
0,624, 0.130
0.62% Cel33
0.635 C.12¢
0.673 C.121
0.602 Cel45
0.653 .14l
0.671 0.204
0,701 C.195
0.627 0.0260
0.634 C.0257
0.500 C.0253
0.568 C.0267
0.584 0.0260
0.587 €.0280
0.623 C. 0264,
0,619 C.0266
0.623 (e 0264,
0,620 ¢, 0272
0,600 6.0<3%
0.618 0.0273
0.677 0.0z09
0.671 ¢.05.2
0,640 0.0598
0.613 0,0619
0.637 0.0675
0,652 0.0659
00670 0.1}-3
0,699 0.116
0,703 0133
0.712 0,232
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SECTION III

FREEZING-OUT OF CARBON DIOXIDE
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INTROLUCTION

T the last tri.monthly report (April 1 .« Jume 30 1952) a .
prolininary treatment of the !freegewoutt method of carbon dioxide
removal was mresented. During the past three months Ghis wethod
hag besn developed further to a point vhere the major problems
aroc prectically golved and the process appesars eniirely feusible.

The removal of carbon dioxide from alr in clcsed atmosphcres
by a ccntinuous process in which the carbon dioxlde is frozen out
of the air stream has several advantages over other processes,

No storags space i1s required for chemicals or other suspliec whiech
are necessary in noneregenerative metheds. No oxygon or nitrogen

is removed along with the carbon dioxide as is the cass whaen physicel
absorption 1s usede Power roquirements are not excessive @ é space
reguirements are modest. The only significant materials aand utilities
roguired are sea water for coocling end electric power for coxpressicns.
In addition to removing ocarbon dioxide from the atmosphere, this
procese roduces the humidity of the air to a low value.



DESCRIPTION OF PROCESS

A schematic flow disgram of this carbon dioxide !froege-cuvt?
process is shown in Figure 19, This shows the foul ailr containing
1% 00, end with a relative hmidity of 65% entering the w ocess
2 30°F end 1 atma. This alr stream énters the first compressor
(Fa.l) at a rate of 500 lbs./hr. This inlet stream consists of

759 1bs/hr of coz, 7.05 1bs/hr of E,0, and 1185.36 1lbs/hr of dry,
coszree alr. After the first stage of comprossion the air is
cooled with sea water. During this cooling some of the water vapor
is liquefleq and removed from the stream. Further compression
snd cooling removes more waters

The high pressure foul air leaving the second sea water
coolor (HE«2) 1s pessed through a gas-to-gaé heat exchanger (HE.-3)
whire it 1s cooled to about 35°F. In this exchanger additional
water is condensed out and flashed to the low pressure side of
tha exchanger. The foul alr with most of the water removed 1s
next sent to a reversing heat exchanger (HE=li) where more of the
water vapor is removed by freezing out on the exchanger surface.

The operation of this reversing exchanger is shown in moxa
detaill in Figure 20, During the first half of the cycle, the
high pressure foul air is passed dovn one side of the exchanger
depositing ice as it is cooled to about ~150°F. (This temperaturs
is just above the temperature at which €0, starts to fresze cate)
While the high pressure air is depositing ice on one side of the
exchenger, Jce 1is being romoved from the other slide by passing
low pressure purified air through ite. After a suitable period
of operation, during which ice bullds up on the high pressure
side and the low pressure side 1s derimed, the reversing valves
ars switched. This sends the high pressure air down the side
which has just boen derimed and the low pressure purified air
back through the side which hes fresh rime deposits. This re-
versing action is indicated in Figure 20. It should be noteé ab
this time that all the water which is condensed in the sea water
coolers 1s permenently separated from the asir. On the other hand,
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the water removed in these two heat exchangers (HE=3 snd HE-l})
is row~evaporated into the purified gas stream.
From the reversing heat exchanger (HE.l.) the high pressure
air next passes through side (3) of HE<6 (sse Figure 19) whare
it is cooled slightly by raising the temperature of the exchanger
to nearly =-150°F. During this heating of HE«S side (}) is belng
evacuated to remove COyc After passing through side (3) the
high pressuroc air is sent through side (2) of HE.E where it is
cooled to about ~220°F by passing countercurrent to the low pressure
air vhich has just left the expansion turbine. In cooling to about
«220°F the high pressurs air is purified by the recmoval of 99%
of the 002 and most of the residusl watere The GO, and Hzo are
removed by belng frozen out on the heat exchanger aurface in the
sane manner that water is deposited in the reversing heat exchanger
(HE<l) o After a suitable interval of time during which side (2)
. is receiving rime deposits and side (i) is being derimed, the
valves ars switched to allow the high pressure stream leaving
HE.l to pass successively through sides (1) and (i), This change
allows side (2) to be dafrosted by heating and evacuation and side
(L) to receive the rime Geposits. After the same interval the
vaives are switched back., This i-eversing operation should pre-
vent excensive plugging of the heat exchmgers by removing all
the rime that has beon deposited in the previous cycle. However
if by this procedure it is found thet adequate deriming is not talring
place, then a four step reversing procedure in which each of the
four sides of HE«5 and HE-H successively passes
1) high pressure air at about -150°F,
2) high pressure air being cooled to about «220°F,
. 3) CO, removel by evacuation,
and }) low pressure air,
will definitely provide complete deriming in each oyclees In this

case the high pressure sir will pass through two sides in the following
rotation:

—— — i . S L > ST s s s S s . L ST A W S P e i S A SIS s G e S W G S SR W G S -




wble

1) aide (3) arnd side (Z)
2) side (1) and side (3)
3) side (i) and side (1)
) side (2) and side (i)
Ths high pressure alr at about «220°F (now containing oaly
G-01% C0, end a negligible amount of H,0) next passes througa
an expansion turbine vhere some vower end considerable cooling
15 achisvede (HE=7 shown on the flow sheet is not a separate heat
exchanger for operation below 11 atmosphens vhen it merely indicates
that heat leak exists.) The air leaves the turbine at about 1 atme
and between 270 and =312°F depending upon the pressure on the
iniet side (~-270°F for about 3 atm inlet pressure and -31C°F for
arout 1l atm). |
The iow pressure air leaving the turbine (now cold and purified)
13 passed bsck through side (1) of HE-5 (or one of the other sides
of HE-S or HE-6 depending upon which part of the cycle is in operation}
whars it vicks up heat from the hirh pressure air vhich 1s being
cooled to about =220°F, After leaving this heat exchanger the
low pressure alr stream may be split with part of it recycled back
through the exchanger (HE-S)e. This recyoling is not necessary
1f the twowstep reversing procedure is used for the operatlon
of HE«S ani hFeb, It may or may not be necessary for the four-step
reversing .rceec ... depending upon the effectiveness of the
deriming vy ovacuavicr and heating.
The low pressurc - r next passes through the r2versing heat
exchanger (HE~l;) where { wicks up the 1ce daposit- loft by
ths high pressurs air. Again some recycling may be uecessary
to insure complete deriming of this exchanger. From HE.L the
lox pressure air passes throuy: HE-3 where it plcks up the water
rcnoved from the high pressmie air and where it 1s heated up to
80°F and discharged to the atmosphers. This purified air contalns
only 0.01% CO, and has a relative humidity of about 3%,




POWER AND SPACE REQUIREMENTS

The results of detailed calculations 1ndicgte that the
required power for processing 500 pounds per hour of foul air
1a between 12 and 20 kilowetts as 1s summarized below.

High Pressure Side ‘Required Power, kilowatt: |

stma Compression Evacuation Pumping Turbine Iy
~2toe .,

s 1’.].00 062 0.8 ‘ wm2oQ LI

1 22:h 002 0.8  «2.7 20,

These figures are based upon compressors and turbines designed to
occupy small volumes. Efficiencies of 70% were assumed for both
compression and for expansion.

A summary of the space requirements indivotes that a total
volume of between L0 and 80 cubic feet should be sufficient. 4
brsakdown of this estimate 1s given belows

Yolume, cubiec feet

Heat exchangers, bare 3« 6
insulation 2. 4

Compressors SRR T
Turbine 03 =« 1
Piping, valves, controls 10 « 20
Free Space 20 « 39
Total Lo « 80

These figures are based upon equipment designed especlally for
conditions requiring small volumes. The heat exchangers, compressors,
and turbine were carefully evaluated while the remaining items

were roughly estimated.
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OPERATING CONDITIONS

The operating temperatures, pressures and oompositicns of '
of the various perts of the process shown in Figure 19 depend largely
upnn physical and thermal properties of the fluldesolid systemn
aivucoa-HZOo They also depend upon the properties of available
sea water, the desired atmospheric conditions of the ragion
supplying the foul alr, and the desired composition of the fresh
alre In order to investigate the effect of the many process
variables on the power and space requirements, it was necessary
to consider as primary variables the operating pressure, Pa, and
the emount of CO, removed. In order to restrict the problem 1t
wes docided to consider removal of 99% of the entering COyo This
cholece was made since preliminary calculations indicated that the
power and space requirements would be practically independent of |
amount of CO, removed, as long as about 95 or more CO, was removed.
Since the optimum operating pressure was not lmown, it was decided
to investigate pressures, for P,y up to 20 atmospheres. With these
cholces of primary variables the operating temperatures were fairly
def'initely established. Each of these temperatures and pressures
.1s discussed in a following paragraphe.

Inlet temperature, T, The inlet temperature was arbitrarily
chosen as B0°F to represent a reascnable basis.

Inlet pressure, P,e For the same reason the inlet pressure

was chosen as 1 atmoaigereo

Zplet compogition. A relative mmidity of 65% and & 00,

concentration of 1.0% by volume were chosen as comfortable conditions
vhich should be maintained. -

Compressor discharge pressure, ﬁ. Depending upon the Opergtmg
prossire, I,, and the type of compressor selected, one, two, or possi-
bly three steoges of compression may be required. For one stage
operaiion, P; w Pyo For two stage operation, Py = V!; where both
prossures are expressed in atmospheres.

Compressor discharge temperature, T,. The discharge temjerature
is prmm FJ.’ snd of the effisiency

of tho ccmpression. This funotion is plotted in the left hand
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side of Figuve 21 where three curves labeled Py = P, are plottedo
Thess curves show how T, varies with P, and compression efficiencyo
T, is also presented in Table VII for values of P, between 2.2l
atm and 6,81 atme

Ses. Water temperature, T.10o An analysis of reported sea
wamrmmaﬂ?u's%éutudes, longitudes, seasons,
and depths 1ndicated that 80°F was an acceptable figure to use
for the purposes of this study. Table VI is a listing of surface
temperatures throughout the world for two seasons of the year

and temperatures at 200 and 400 meters below the surface, these
submerged temperatures being almoat independent of the soasono

Sea water temperature, Ty¢e The temperature of the sea
wa%rmm, HE<1, was chosen as 90°F,
vhich represents a 10°F rise in temperature.

Compressed alr temperature, '1'30 It was assumsed that the
air could be cooled to within 10°F of the water temperature.

This made T3 equal to 90°F.

Compressor discharge temperaturs, alo This disoharge‘
tenperaty epe upon pressure, r., and compressor

officiency as well as Pl and Tso 11'_ as & function of P, and
compression efficiency is plotted in Figure Zl and listed in
Table VII. '

e
amnpress mpera s Two Some as T3. '.1'5 is shown
as & on > able and Figure 22,

Temperature of foul air leaving HE-3, Tq and T6 This
temperature was set as 35°F TO De & few degrees above the freszing
poi.nt of water, 32°F,

' Temperature of foul air leaving HE.} In order to limit
the dm to HE.D and !!:51 the temperature
T7 mast be higher than the temperature at vhich & nmixture of
air and 1% CO, is in equilibrium with solid COpe ‘his temperaturs
is tabulated in Table IX, plotted in Figure 23 as a function of
pressure. It is elso shown in Figure 22 and Table VIII,
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Icmporature of high.pressure clean aiv loavirg HE.E. oo
ix. order to remove 99% of the CO, from the foul air, tho tempera-
frre of the alr stream must be roduced until it is at the tempar.
eture et which a mixture of air and 0.01% COp 1s in equilibriuwa
with solild CO?. This temperature, Tb, is plotted in Figwes 22
s:i 23 and given in Table VIII as & funotion of pressure. Thils
1s alsc the temperature of the alr inlet to the expansion englue
for pressures below sbout 11 atm. In order to prevent liquid =air
from Porming in the expansion engine, the tomperature of the inlet
sirasn must be that shown as Te' or higher. For pressures sbove
1i. ata., T 1s higher than Tg, and the stremm must be heated (by
.7 or other means). This indicates that compression to mors
than 11 atmospheres is of' no advantage. These temperatures wore
obtained assuming T0% efficiency in the expansion engine.

Temporature of clean air leaving turbine, 320 Assuming
exnansion to 1 atm. at 70% efficlency in the expansion engine,

th? tamperature leeving the turbine, T,, was calculated from TBQ
TB wag obtained from T9 for the higher pressures by using
«212.8°F for T9.
Temporature of clean air leaving HE-3, gtéf The temperature
of the cloan air discharged from the process was assumed to be
80°F, which is 10°F cooler than TB. This represents conservative

de3aign conditions and in operation may be considerably different.

Temperature of clesn air leaving :L, I An energy bal..

..... r.2e around HE-3, assuming no heat leak and al owing for revapoi=
- 1zation of condensate, fixes TIZ as shown in Figure 22 sai:.

Tehle VIII. During actual operation, it may be as much as a few
dogrecs lower due to heat leak.

Temperature of clean air entering HE), 2;1'. The tempera.

e of clesn air entering HE.l must be high enough to remove the
izca deposits in the reversing exchanger. This temperature is
sclated to Ty as shown in Figure 2. For temperatures of Til
icer than indicated on Figure 2, the low-pressure cleoan air
'ill not derime the exchanger. in order to insure complcte
deriming, tanperature Tll has been chosen higher than shown 11
Pigure 2o It is tabulated in Table VIII as oaloulated from 7%
of the iifference shown in Figure 2. In order to obtain thie

terperature, a recyocle stream as shown in Figure 19 1s necessary.
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~ Temperature of clean air leaving HE.S5, T,,. An energy
mmm'amm%imr HE«l. or
_HB=3, indicates the temperature for T,, which is shown in
Figure 22 and Table VIII, In actual operation Tll will be

lower, perha.ps several degrees, due to heat leake.

Temperature of olean air entering HE.S ’ '.1.‘.”J o If the
two sTep derIming oyole satlsractorlly prevents bulld up of
solid 00, and solid H,0 in HEa-S and HE=H6, then no recycle
stresn 1s required and Tz.o = No* However, if the four step
. reversing procedure 1s necessary Tlo must be higher than Tlo
and related to Ty as shown in Figure 2is In order to insure
deriming of these exchangers, Tlo as plotted in Figure 22 and
tabulated in Table VIII was calculated by using 75% of the
permissible difference shown in Figure 2l.

Temperature of clean air leaving turbine, T 10, An enorgy
balance around HE-5 and HE-D, 88swming no 1eat leak in ary one
of HE.3, HE-), HE=5, HEwS6, and neglecting the energy offects
assoolated with the evacuation part of the cycle, indicates
for TIO the temperatures plotted iIn Figure 22 and shown in Table
VIII, At this time it can be noticed that T9 and Ty rorresent:
the same stream_snd that the differenco between T9 and TJ.O is
e quantitative measure of the vermissible heat leak in the exohangersg

Temperature, Tyn, and Pressure, P,, for evacuation., In
ordex™T5-FemovE D0 By SVASTART S e SR ST BeToduced
and/or the temperature raised by an emount at least as much as
indicated by the equilibrium phase relationships of the ai::n»coa
system. Figure 25 shows these rolationships in terms of the
process varlables. The temperature rise, Ty 7-Tgs is plotted against
the pressure factor Pz/P For removing 99% of the CO,. %two
lines are presented, one for Py » 10 atm and one for Pp = 5 atme
One line (Py = 10 atm) 1s presented for removing 984 CO,,e

In the preceding paregraphs are presented the underlyirg
assumptions and roasonsg for establishing the verious conditions
of the process. It should be pointed out that, for this phase
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of the problem, no ccnsidera’ion was given to pressure drop in

the flow of alr through the several exchengers and assoclated

pipinge This simplifiocation has but little effect on the temperature:
obtained and practically no effect on the conclusions of this

study. , '
In msking the energy balances to establish soms of the process
temperatures and to determine the heat exchanger duties, the
enthalpies of the several atreams were caloulated. These enthalples
have been plotted in Figure 26 end-tabulated-in Teble X, These
values were based on individual enthalpies for air (Figure 27),

for COp (Figure 28) and for water (Keenan and Keyes, Steam Tables).

In the process described above the water condensed in HE-3
and the rime deposited in HE.l; were revaporized in the low pressure
clsan alr, Calculations were also made sssuming that these quantitie:
were discarded. The resulting temperatures are given in Table

XI and Figure 29,
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SELECTION OF EQUIPMENT

Gompregsorgs A survey of available industriel compressors
indicated that practically all models occupy a relatively
large volume (50 to 80 ocubio feet total volume) and are there=
fore unsuited for the proposed process. The rotary lobe type
(ElliotteLysholm) as discussed in recent literature .(Engineering
355 97100, Jano 29, 19435 SAE Jowrnal 3} June 19433 Hechanical
Engineering 68 518, June 19463 NDRC, Division 11, Summary
Technical Report, Vole. 1, 1946) appears rather promising, It
is estimated that a single stage compressor of this type capable
of compressing 500 pounds per hour of air with a compression
ratio of 2.5 or 3 can be designed to occupy a volume about 2.5
or 3 cubic feet (including drive). These compressors operate
at about 70% efficiency (see Figure 30).

Iurbins. Based on reports of Swearingen (Chemical Engineezing
Progress 3 85.90 Feb. 1947) and Rusaton (NDRC, Division 11,
Summary Technical Report, Vol. 1, 1946) 1t is estimatod that
for the proposed vrocess a turboesxpander cen be built which
wlll occupy less than one ocubic foot (about 0.3 cu. ft. for
expansion from 5 atmospheres). This expander would operate with
an efficiency of about 70-80%. ‘ ' :

Heat Exchangergse In comnection with the recent development
of compact equipment for the production of oxygen, two types of
heat exchangers have been uséd. The ribbon.packed annular exchanger
(Trumpler and Dodge, Chem. Enge Progress 43 75-8l, February 1957)
originated by Collins, and the sandwich type exchanger (Simpolear
and Aronson, Trans ASME 72 955-965, Oote 1950) both have a cone
slderably greater transfer surface to volume ratio than cammorcial
heat exchangers. Either type could be used for the proposed
process, Since the sandwich type exchanger has beon more thorcughly

tested and since it 1s of simpler construotion, 1t was the basgis
for this work,

This heat exchanger consists essentially of thin copper
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fins furnace bonded between brags plates. The exchanger is meni-
folded so that one fluid will flow in ome direction through every
alternate passage and the other fluid will flow in the opposite
direction through the intermediate passages. This arrangement

of surface provides over 300 sq. ft. of effective surface per
cubic foot of heat exchanger volume and corresponds to over 3.5

) 8qe fte por pound of metal.

For the speciflc design considered in this problem, the
recamended equations and data of Simpelaar and Aronson were
restricted and applied to a 3/32" strip rin throughout these
caloulations. The properties and necessary date associated with
this particular fin were obtained from the above artiocle. The
distinot adventage of such typs of hect exchange equipment over
the conventional shell and tube types lies in the urusually high
heat transfer coefficlents attainable. In this connection, gas
f£ilm coefficients as high as 60 Btu/(hr) (£t%) (°F) ave ordinary
against values of 3 to 5 commonly considered for the conventional
shell=tube type exchangerse. Conservative pressure drop cone
siderations for both the warm and cold sides indicate that with
the exclusion of end effects (entrance and exit plus piping),
the total pressure drops through the fimmsd-heat exchangers are

as follows? P ure Dro L
Heat Exchanger Warm Side Cold Side

HE=l 06393 - -

_HE.a - 0.218 - oo

HE=3 ' . 002’4,8_ , 1.17

' m T 00550 : 20_61

HE<5 . 0.135
HE-6 035 0.63
1.679 ol

Warm Sided ap = 1,68 psi,
Cold S8ide? 80 = 1,41 pst

These values were reached by considering heat exchangers
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of one passage flow throughout and assuming & pressure of 73.5
paia for the unprocessed air through heat exchangers HE.3, HEl
and HE-S, The cold side pressure drop most likely cannot be
decrcased unless more than one gas passage ls selected for tho
exohancorp. '
Heat transfer coefficients for a 3/32" strip fin were

evaluated fram the je-factor relationship proposed by the above

investigators. This rohtlonship is presented below!

e ;9 [.{.‘:T- 0,245/ (Re) Ol

where A = total heat-transfer area which is equal to the sum
of the surface of the fins and that of the wall.

o3 ="heat capaoity of air, considered as 024 Btu/(1b) (°F)
.JD. e gquivalent passage diameter, D. ® cmsm o £
£
G-= care, air mase veloeity, 1b/(hr)(rtZ of A )
h = gurface heat transfer coeffioient based on total heat
transfer aves, Btu/(hr) (£t2) (*P)
Jp = heat transfer factor (dimensionless)
L = length of flow pungo

Re = Reynolds number --9—-
B

o = Prandtl group, assumed for air to be 0.7
k .

B = viscosity, 1b/(hr)(ft)

The strip fins are 3/32" wide (direction of fluid flow),
0.485" long (distance betwsen plates), 0.004" thick and are
3/32" apart in the direction of fluld flow and 082" apart pere
pondicular to fluid flow and the rows of fins are staggereds.

The following physical characteristics were obtained fram
the specific heat exchanger employed by Simpelasr and Aronson




. in their article (page 959).
Passage details® (Mumber = 18, height = 0.485", width » 12",
leongth = GO « 7.5 f£6) Total Area (fins plus wall)? A » 1858 sq ft
Froe Cross Sectional Areal A, = 0,70 sq £t

4o 45
VY T-ginash

4]
# = 00,0113 fto

Heat trensfer surface/passage per foot of length (h = 0.485",

wel2" 1 e 12”)
1858

. 18 x 7.5

per foot of length

HE~3 1s selected to 11lustrate the calculation prooedure’ '

For this case unprocessed air at 73.5 psia containing carbon
dioxide and water vapor is being coolsd from 90 to 35°F countere
currently with proceased air at substantially atmospheris pressure,

the temperature of which rises from 25 to 80°F. The purpose

w» . - of this exchanger 1s - a twofold one? to0 cool the air stream

to 35°F and simultaneously condense water vapor. This liquid
condensate in turn 1s to be revaporized in the processed air
streams For this particular case ths total exchanger duty is
117,977 « 108,706 = 9271 Btu/hr. The temperature difference,
for this case, calculates to be 10.0°F. Consequently
TA = 9272/10 = 927 Btu/(hr)(£t2) (°F),

The length and total fluid volume necessary for this heat
exchanger at the above given pregsure of 73.5 psis are directiy
related to the number of passages. Arbitrarily ceses dealing

' with 1, 2, 3 and } passages for each fluid stream were selected
and the calculation procedure 1s presented below?

Hoat Exghanger, HE=3!

High pressure side, Py «» 7305 psia

= 13.7 8q £t of f£in plus wall surface/pacsage
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Aip flow going from '1'5 to Ty
. “s gmeratwro « 90°F to 35°F (Tavg = 62°F)
Viscosity = 1 = 477 x 10"2 1be/rt x hr
Al> Rate = . W = };85.36 + 7.59 + 0.42 + 2.54/2 « Lol.6l 1bs/nr
Pazsages W 212", h = 0.485, L = ¢
S4o1p £4n? Thickness = 0.004", h = 0.458, L = 3/32"
a, = Ac/h © 0.70/18 » 0.039 £t2 of cross-sectional free area/passage

D, = 0.113
ap 23
~§ﬁ e (0.75)%/3 = 0.818
G = W/A D,G Gelp
Koo of 2 )
?iscifg,(i % TE7 (1n/(nr) (£65) "W F’q Jn" ‘9'% By Jn "'"‘27'(1,; 3
1 0.0389 12,716 3210 25.3 0.00959 36,2
2 0.0778 6,358 1605  19.15 0.0128 23.9
3 0.1167 ly,238 1070° 16.25  0.01508 18.75
. L 0.1556 3,179 802 1.5 0.0169 15.76

Loy Pressure side, Py = 1l.7 psia -
Air flow going from ‘1'12 to T13

Ai» Ratg = W o 11.85036 + 00!'.2 + \(2096 - 001'.2) - l|.880321b8/hr
Toapercture = 25°F to 80°F (tan = 52°F)

o= l31 x 1078 1b/br x £t

A G = WA, D @ n Gioeh
n, Bo.of " -
Bacs A0 wmme + H 3 wb?’f SRNTSLE
3 0.0389 12,553 3291  25.5 0.0096% 35.1
g 0.,0778 5,276 645 9.5  0.0126 23.2
3 0.1167 I, 18l 1097 16.45 0.01489 18.25
){ D 1556 3 ’138 823 1!'.07 0 001665 15031
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vy dos o X e A = 927 L= £/13.Th
Tas3nge ‘ ’ h, h,, .%. U 927/u
L (1e02762 002825 0005587 17090 51,79 rt2 31,78
2 (oG8l 0.04310 0.0849L 11..77 78076 2.87
-3 0003333 0,05479 0.10812 9.25 100.2 2.l
5{. (30063'45 0 006532 0.22877 Te77 11903 2.18
Volume, ou ft*
v, oo of
Pawggge& Warm Side : Cold stdo‘ Total
3 0,17 0,247 0,29l
2 00223 S 0.223 00’.[1].6
3 0.285 0.285 0.285
h 0.339 0.339 0,678

The varlation of the heat exchanger length and fluid volume
1s Geperdent upon the absolute pressure of the unprocessed air
(worm s de)s These variables are incorporated and related to
the number of gas passages and appear in Pigures 31.35 for sal
exchangors HEwl, HE.2, HE-3, HE} and HES.

A compilation of conditlons that might be selected for the
opsration of a cycle point to a total exchanger volume of frun
3 to 6 cubic feet, In this connection, the maximum length neccsaary
for a one passage arrangement is that of exchanger HE.l, which
is 12 foet. This value reduces to 6.8 feet for a four.passegs
arrengenent. I a one passege arrangement is to be chosen fcr
this rest exchenger, it may be possible to consider two or thuoce
separst: one-psss exchangers of shorter lengtb, whose total eireztive
lexgtlk is 12 feet. The lengths of the other exchangers are not
orlticai and vary from 0,72 to 4.8 feet.

"Nete:  The exchanger volumes caloulated correspond to thosge
occupled by the fluid alone and do nct include the ~in
and wall partitions. In order to calculate the totnl
volume (fluid plus fins) these values must be multiplied
by the factor representing the total oross gectional
area divided by-the freo cross secticnal area or

12] /000389 L 100399
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CONCLUS IONg

The study has shown the feasibility of the process of freesing
out the 00‘2 since the size and power requirements are both reasonabie.

This conoludes the phase of the work currently authorigzed.

Future work in tho problem would involve the setting up of
experimental equipment for confirming the results obtained and
for observation of any factors which may have been minimiged,

Problems that have to be inveatigated in this experimental
phase would be?l :

le¢ Determination of heat leaks.

2¢ Determination of cycle times end eoordination of the
various parts of the cycle. :

3. Time lag in initial start up.

o Determination of problems involved in 00, formation in
expansion engine.

5. Balance of refrigeratiom roquirements in heat exchange
reversing procedures.

6, Investigation of the actual CO, condensing and subliming
conditionsand confirming the h€at transfer coefficients.

7. Checking of the process in general.

8o Mochanical operational problems, valving partiocularly,
under the pressures and low temperatures involved,
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TABLE VII

TEMPEFATURS AND BNTHALPY CHANCE OF AIR STPEAN FRXM CONPRESSURS

Drogsuro
Atm

S v M oS AR Y

i
2.24
2.45
2.85
2.33
3.00
3.16

u
° L4 11 e
8543

[+ SUS IR
(3

%

~

-£,
7
g
9

10

1

1£

20

Tannorature T

T2 [V

ELTICIENey a5 6 £ A——
100% 85 70 100 L5 7(
220 245 281, 231 256 29z
242 266 309 253 277 320
260 284 331 271 25 344
272 300 39 283 360 322
283 315 355 294 3.6 376
293 329 332 304 340 397
3G2 341 3%6 315 352 407
337 380 439 348 391 45C
373 418 45/, 384 429 496
395 448 524,
470 537

Enthelpy Chonge

Bta/t

7C% Effici.ney.

Per Stege 'fotal
48 96
55 110
61.% 123
66 132
70 140
73.5 147
76.4.  152.8
86.8 173.¢
98.5 197
107.8 107.8
135 125
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TABLE IX
INLET AIR 3TREAM E UILIBRIUM TEMPERATURES

Condition Per Cent Temperature ~ °F.

€0o At 1 ata At 13.6 atm

Removed Preusure Presgure
T 0 ~187.5 “154.3
Tg 36 -193.0 -161.7
Tg 6e -201.2 ~172.7
Tg 8 -209.3 -183.6
Tg 92 ~216.53 -192.7
Ta 96 -223.7 -201.5
Tg o8 -230.0 -209.1
Te 9 -236.0 -217.2
Tg 99.5 ~242.0 -223.8
r8 99 . 75 "247 . 2 "230 . 9
rs 990 875 .2520 5 ’23’, .0

Noto: Curves are based upon the equilibrium temperatures of 007 undux its
own vapor pressure and correoted for total pressure.

PP A
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